Sodium depletion has a protective effect on target-organ damage in hypertension independent of blood pressure. Here we tested whether chronic dietary sodium restriction may prevent the development of renal alterations associated with insulin resistance by reducing the inflammatory and oxidant state. Rats were fed normal-salt-60% fructose, lowsalt-60% fructose, or control normal-salt diet for 12 weeks. Insulin resistance induced by high-fructose diet was associated with an increase in albuminuria, tubular and glomerular hypertrophy, and inflammation of kidney and adipose tissue. The low-salt diet improved insulin sensitivity and prevented kidney damage. These beneficial effects of sodium depletion were associated with a decrease in renal inflammation (macrophage infiltration, IL-6, TNF-a) and oxidative stress (NADPH oxidase activity), and a prevention of histologic changes in retroperitoneal fat induced by high fructose. Thus, dietary salt depletion has beneficial effects on renal and metabolic alterations associated with a highfructose diet in rats.
The metabolic syndrome was first introduced as a concept to cluster cardiovascular risk factors such as hypertension, type 2 diabetes, obesity, and dyslipidemia, which culminate in high risk for atherosclerotic cardiovascular disease. Insulin resistance has been proposed as the metabolic link between all these cardiovascular risk factors. [1] [2] [3] Recently, consumption of dietary fructose was suggested to be one of the environmental factors contributing to the development of obesity and the accompanying abnormalities of the metabolic syndrome. 4 In fact, the high consumption of fructose is a well-known experimental model of metabolic syndrome. 5, 6 Several studies have suggested that renal damages are associated with the metabolic syndrome. In humans, the multivariate-adjusted odds ratio of chronic kidney disease and microalbuminuria were higher in patients with the metabolic syndrome. 7 Similarly, it has been shown that fructose-fed rats in comparison with corn starch-fed rats show signs of renal dysfunction associated with renal hypertrophy, afferent arteriolopathy, glomerular hypertension, renal vasoconstriction, and nephropathic changes. 8 In addition, long-term (46 months) exposure to high fructose consumption was associated with proteinuria, kidney enlargement, and focal tubulointerstitial injury and glomerulosclerosis. 9, 10 Accumulating evidence now indicates that immunological and inflammatory mechanisms have a significant role in the development and progression of damages in chronic kidney diseases. Among the various inflammatory cytokines, mainly tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) are relevant mediators that regulate inflammatory immune responses in diabetic nephropathy. 11 Interestingly, there is increasing body of evidence suggesting that insulin resistance may result from an inflammatory disorder, in which macrophages in adipose tissue and elsewhere may have an important role. 12 Together with inflammation, oxidative stress seems to be implicated in renal injury in obesity and hypertension 13 , as well as in type 2 diabetic nephropathy in mice and in fructose-fed rats. 5, 14 Sugar consumption has also been linked to sodium intake and renal sodium handling. Fructose-blood pressure association was stronger for individuals with high sodium consumption, 15 as well as in spontaneously hypertensive rats fed a high-sodium diet. 16 Conversely, a low-sodium diet prevented changes in blood pressure induced by high dietary sucrose 17 or fructose. 16 Besides its effect on arterial pressure, we have previously reported that sodium withdrawal from the diet alleviated cardiovascular and renal damages in angiotensin II hypertension. The beneficial influence of dietary sodium restriction was independent of arterial pressure reduction and possibly related to attenuation of the prooxidant effect of the peptide. 18 However, the effects of dietary sodium restriction on functional and morphological modifications of the kidney associated with insulin resistance have not been yet explored. Thus, in the present study, we evaluated the putative beneficial influence of a drastic reduction in sodium intake on fructose-induced renal alterations. Furthermore, we tested the hypothesis that sodium restriction was related to a reduction in the inflammatory and oxidative stress responses to high fructose-induced insulin resistance in rats. As the podocyte is a key cell type involved in the initial development of albuminuria, particularly in obesity or type 2 diabetes, 19 renal ultrastructure was examined in fructose-fed rats. Finally, we evaluated the influence of sodium restriction on retroperitoneal adipose tissue, which may have a role in the development of insulin resistance. 20 
RESULTS

Metabolic parameters
Despite a higher calorie intake in fructose-fed rats, the final body weight was similar in sodium-replete, fructose-fed (normal-sodium, high-fructose (NSF)) and control group (normal-sodium control (NSC)) rats. However, the percentage of visceral adipose tissue was significantly higher in NSF rats (Table 1) . Interestingly, body weight was lower in lowsodium, fructose-fed rats (low-sodium, high-fructose (LSF)), and sodium restriction prevented the increase in adipose tissue associated with the fructose diet. As reported in Table 1 , plasma concentration of uric acid was higher in the NSF group as compared with the control group, and sodium depletion had no effect on this change. Plasma adiponectin was significantly decreased in NSF rats as compared with NSC rats, and sodium restriction did not influence this change. Plasma lectin concentration was similar in all groups.
No significant influence of high fructose intake on sodium and potassium excretion was observed. As expected, sodium excretion was reduced to o50 mmol per day in the LS-fed rats. Direct and indirect blood pressure was comparable among the three experimental groups.
Glucose metabolism
Although fasting plasma glucose was not significantly different between groups, fasting plasma insulin and homeostasis model assessment (HOMA) index increased in NSF rats by 59% and 78%, respectively (Table 1 ). In addition, blood glucose response during insulin tolerance test was blunted in the NSF group when compared with the NSC group ( Figure 1a ). Sodium restriction precluded insulin resistance as evaluated by both HOMA index and insulin tolerance test.
As depicted in Figure 1b , blood glucose response to intraperitoneal glucose tolerance test was comparable in the three groups. However, insulin response was enhanced in the NSF rats, and significance was achieved when the area under the curve was calculated. Both the peak and area under the curve of plasma insulin in response to intraperitoneal glucose tolerance test were similar to that of NSC rats in animals fed the sodium-depleted fructose diet.
Renal morphology and histology
No significant difference in inulin clearance and plasma creatinine was observed among the three groups ( Table 2) . As depicted in Figure 2 , a high-fructose diet was associated with a marked rise in albuminuria in sodium-replete rats. Albuminuria was comparable to standard control rats b a s i c r e s e a r c h C Oudot et al.: Sodium, insulin resistance, and kidney in sodium-deprived fructose-fed rats. Renal mass was significantly higher in NSF rats as compared with NSC rats (Table 2 ). Kidney hypertrophy induced by fructose diet was associated with an increase in proximal tubular and glomerular area. The glomerulomegaly associated with the high-fructose diet was completely prevented and the tubulopathy was reduced in rats fed the low-sodium, fructoseenriched diet. Sirius red staining of cortical tissue showed a significant increase in NSF but not in LSF rats, thus indicating a higher glomerular and interstitial collagen deposition in the former group (Figure 3 ). 
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Similarly, enhanced macrophage infiltration, as evidenced by infiltration of ED1-positive cells, was also observed in NSF animals compared with NSC rats. Interestingly, macrophage infiltration was normalized in LSF rats ( Figure 3 ).
Renal levels of IL-6 and TNF-a were twofold higher in fructose-fed rats with a normal salt content as compared with rats fed the standard chow. Dietary sodium depletion blunted the increase in both inflammation mediators (Figure 4a ).
NADPH oxidase activity in the kidney
High-fructose diet was associated with a marked increase in the velocity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity and the cumulative superoxide anion (O 2 1 À ) production in the kidney, which were both prevented by LS diet (Figure 4b ).
Filtration barrier integrity evaluation by glomerular desmin immunostaining and ultrastructural analysis
Immunostaining for desmin was increased in the glomeruli of NSF rats compared with the control and was in turn reduced in LSF rats (Figure 5a and b) .
As depicted in Figure 6a , the foot process fusion and effacement observed in NSF rats was improved in lowsodium, fructose-fed rats. Quantitative analysis showed that sodium restriction was associated with an increase in the slit pore diaphragm diameter and a reduction of podocyte base width ( Figure 6b ).
Adipose tissue histology
As reported in Figure 7 , adipocyte size of retroperitoneal fat was higher in NSF rats as compared with NSC rats. In contrast, adipocyte size of epididymal adipose tissue was similar in fructose-fed rats compared with rats on the control diet (2991±148 and 2695±92 mm 2 in NSF and NSC, respectively). In addition, macrophage infiltration in retroperitoneal adipose tissue was greater in high fructose-fed rats. Sodium restriction prevented the increase detected on either retroperitoneal or epididymal adipose tissue changes associated with fructose consumption. These retroperitoneal adipose tissue changes associated with fructose diet were not observed with sodium depletion.
DISCUSSION
As expected, rats fed a high-fructose diet for 12 weeks developed insulin resistance, characterized by hyperinsulinemia without hyperglycemia and alterations of the response to exogenous glucose and insulin administration. Insulin resistance was associated with a higher urinary albumin excretion, an early predictor of diabetic nephropathy, and premature cardiovascular disease. 21 The lack of detectable changes in glomerular filtration rate and in arterial pressure does not favor a major implication of hemodynamic changes in the enhanced albuminuria in this model. Surprisingly, no significant increase in blood pressure was recorded in the present sodium-replete, fructose-fed rats. Of note, the absolute level of blood pressure achieved in the fructose-fed rats (135-140 mm Hg) was similar to that reported by others. 6, 8 Discrepancies may therefore be more related to the blood pressure level of control rats, which was currently higher than in other reports (136 vs. 105-110 mm Hg). Interestingly, blood pressure was not affected by dietary sodium restriction, thus suggesting that its beneficial renal influence was unlikely to be related to systemic hemodynamic effect in the present model.
Among the kidney changes observed in the present study are increases in renal mass, proximal tubular and glomerular hypertrophy, and interstitial fibrosis. Although our study was not designed to address this question, an increased sensitivity Kidney International to sodium, even at a regular dosage, may participate in the renal damages of fructose-fed rats. Yet, similar kidney changes associated with a high-fructose diet have been previously reported. Renal hypertrophy with tubular cell proliferation and low-grade tubulointerstitial injury was observed after 6 weeks of high-fructose diet. 22 A glomerular hypertrophy also occurred both at an early state (4 weeks) and after a long-term high-fructose diet. 23 In addition, micropuncture studies documented that fructose intake results in glomerular hypertension and reduced renal blood flow in association with the development of preglomerular vascular disease. 24 Various cytokines are involved in the initial stage of diabetic nephropathy and may represent renal markers of early target-organ damage. 11 In the current fructose-fed rats, renal damages were associated with macrophage infiltration, and increased TNF-a and IL-6 levels. In addition, renal NADPH oxidase activity and O 2 1 À production were augmented in sodium-replete, fructose-fed rats. Previous studies have demonstrated a significant role of TNF-a in the development of renal hypertrophy and induction of reactive oxygen species in mesangial cells. 25 TNF-a is also known to stimulate IL-6 production by mesangial cells in a paracrine manner. 26 IL-6 mediates renal injury by alteration in endothelial permeability, induction of mesangial cell proliferation, and increased fibronectin expression. 27 Recent experimental studies show that excretion of TNF-a during diabetes was directly associated with a reduction in renal sodium retention, renal hypertrophy, and urinary albumin excretion. 28 Moreover, TNF-a enhances the local generation of reactive oxygen species, enhancing albumin permeability through alteration of the glomerular capillary wall barrier. 29 Altogether, these findings favor a direct association between TNF-a and renal damage, particularly albuminuria in insulin resistance and established diabetic nephropathy.
A major finding of the present work is the prevention by dietary sodium restriction of the increase in albuminuria, as well as all the observed kidney changes associated with fructose-induced insulin resistance. We have previously reported a beneficial influence of sodium restriction on albuminuria in hypertensive rats, 18 and such an effect was also observed on blood pressure in fructose-fed rats. 30 In the kidney of the current fructose-fed rats as observed in the cardiovascular system, 18 dietary sodium restriction was accompanied by a reduction in O 2 1 À production. Moreover, the renal beneficial effect of the sodium-deprived diet was associated with an anti-inflammatory effect equated with the decrease in macrophage infiltration and the lower cytokine production in the renal tissue. Among the possible mechanisms that may be involved in the influence of the lowsodium diet, a blunting of the oxidative and inflammatory effects of angiotensin II might occur in this model. Angiotensin II is known to be an important contributor of the development of insulin resistance 31, 32 , and it induces oxidative stress, nuclear factor-kB activation, and increased TNF-a as documented in skeletal muscle from insulinresistant Ren-2 rats. 33 Recently, a role of IL-6 in angiotensin II-mediated hypertension was demonstrated in humans. Although IL-6 and C-reactive protein levels increased after infusion of angiotensin II in normotensive and hypertensive subjects, none of these inflammatory markers were elevated with the activation of the endogenous renin-angiotensin system by a low-salt diet period of 7 days. 34 The findings obtained in humans and those presented in our rat model suggest that the potential protective effect of very low-sodium diet results from a complex modulation of the renin-angiotensin system. Although oxidative stress and inflammation seem to be involved, the precise mechanisms of the beneficial influence of low sodium consumption have to be further investigated.
Previous work related to the pathogenesis of albuminuria in type 2 diabetes has delineated abnormalities of the filtration barrier. 35 The influence of the low-sodium diet on filtration barrier integrity was evaluated in our model of insulin resistance by determining desmin immunostaining and glomerular ultrastructure. The increase in podocyte injury observed in NSF-fed rats was very likely to be due to the subsequent modifications associated with fructose diet rather than a direct effect of the sugar. Interestingly, podocyte damage was prevented by sodium restriction. In addition, electron microscopy measurements demonstrated that podocyte foot process effacement, loss of slit pore diaphragm integrity, and widening of the bases of the podocyte foot process observed in rats fed a high-fructose diet were improved when sodium was withdrawn from the fructose diet. An association between insulin resistance, oxidative stress, and glomerular filtration barrier injury was previously reported in Zucker obese rats. 36 This relation was supported by accumulating data in favor of a susceptibility of the podocyte to immunologic and inflammatory injury from reactive oxygen species generated by endothelial cells. 35, 37 Interestingly, both abnormalities, that is, increased reactive oxygen species generation and loss of glomerular filtration integrity, were prevented by sodium restriction in the current work, thus suggesting that oxidative stress is an important factor of the beneficial influence of sodium depletion on renal changes associated with a high-fructose diet.
Adipocyte and adipose tissue dysfunction are primary defects in obesity and may link obesity to insulin resistance and increased risk of type 2 diabetes, hypertension, dyslipidemia, and atherosclerosis. 38, 39 Adipocyte dysfunction was also associated with a downregulation of adiponectin, an anti-inflammatory adipokine. 40 In the current experiments, high fructose-fed rats developed more adiposity and had greater-sized adipocytes in retroperitoneal adipose tissue as compared with rats fed standard chow, and was associated with an increase in macrophage infiltration and a decrease in plasma adiponectin. As previously reported, 41 plasma leptin level was unchanged after 12 weeks of fructose diet. Interestingly, sodium restriction prevented both the increase in adipocyte size and macrophage infiltration in retroperitoneal fat without change in plasma adiponectin and leptin level as compared with normal-salt, fructose-fed rats. This suggests that the beneficial effect of the low-salt diet on inflammation was not mediated by these two adipokines. Macrophage infiltration into fat was shown to be positively correlated with adipocyte hypertrophy, and to be a source of inflammatory cytokines, 42, 43 leading to the development of a low-grade chronic inflammatory state. Macrophages also have a reciprocal relationship with adipocytes. Fatty acids released by adipocytes stimulate TNF-a release by macrophages, which, in turn, can stimulate the production of IL-6 by fat cells, further amplifying the inflammatory response in adipose tissue, as well as the kidney. 44 Then, we can hypothesize that the beneficial effect of dietary sodium restriction on the inflammation of adipose tissue in the current work could participate in its preventive effect on kidney damage.
The glucose metabolism change is another factor that could play a role in the beneficial renal effect of the low-salt diet in the present study. Indeed, mounting evidence supports a role for hyperinsulinemia in glomerular filtration barrier injury and subsequent albuminuria observed in type 2 diabetes mellitus. 35, 45 The present results indicate that low salt intake prevents insulin resistance and hyperinsulinemia induced by long-term high-fructose diet.
Low sodium intake was associated with a reduced body growth, which may be related to sodium and water losses during the early phase of adaptation 18 as well as a direct effect on adipose tissue. One cannot exclude that low sodium intake partly prevented insulin resistance through reduction of body growth, particularly in adipose tissue. Dietary sodium restriction may also improve insulin resistance through the prevention of a rise in plasma uric acid. Uric acid was proposed to mediate insulin resistance in fructosefed rats 46 even if plasma concentration was not increased in an earlier stage (5 weeks). 47 In the present rats fed for 12 weeks with fructose, plasma uric acid was increased when compared with control rats. Yet, sodium restriction did not modify the elevated level of uric acid. Changes in uric acid are therefore unlikely to be involved in the improvement of insulin sensitivity observed in sodium-restricted, fructose-fed rats.
Contrasting findings have been reported on the effect of salt restriction on insulin sensitivity in normal rats. Most of the studies [48] [49] [50] showed that salt restriction lowers insulin sensitivity, although some studies concluded the opposite. 51 The decrease in insulin sensitivity observed in rats fed a lowsodium diet from weaning to adulthood was not associated with renin-angiotensin activity or body mass changes. 50 However, all studies from the literature were conducted on standard rats or healthy subjects with basal normal insulin sensitivity. To our knowledge, this is the first study evaluating the impact of salt restriction in a model of insulin resistance in the rat and comparing it with a normal-salt diet. The decrease in adiposity and adipocyte size and the reduction of macrophage infiltration in visceral adipose tissue could partly explain the beneficial effect of sodium restriction on glucose metabolism.
To conclude, the present results indicate that dietary sodium restriction has a beneficial influence on renal and metabolic alterations associated with a high-fructose diet. It is suggested that the renal reduction in oxidative stress and proinflammatory cytokines is very likely to be related to the prevention of subsequent podocyte injury and fibrosis. A possible link between adipose tissue and renal damages as suggested in childhood-adolescent obesity 52 deserves further investigation in the beneficial influence of dietary sodium restriction in fructose-fed rats.
MATERIALS AND METHODS
The present animal experiments complied with the European and French laws (permit numbers B-3417226 and 34179) and conform to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (publication no. 85-23, revised 1996). Rats were housed in climate-controlled conditions with a 12-h light/dark cycle in a temperature-controlled room (22±11 C).
Animals and metabolic parameters A total of 48 male Sprague-Dawley rats weighing 200-220 g (Charles River, L'Arbresle, France) were randomly assigned for 12 weeks to three different diets. One group was fed a starch-based regular rat chow, containing 0.64% NaCl (Usine Alimentation Rationnelle, Villemoisson sur Orge, France) and served as the NSC group. The two other groups were fed a 60% fructose diet containing either an amount of sodium similar to the control group and called NSF (0.64% NaCl) or totally deprived of sodium and named LSF (o0.01% NaCl).
In the last week of experiment, all rats were housed in individual cages, and body weight, food, and water consumption, as well as urinary excretion of water, sodium, and potassium, were measured daily during 3 days. Urinary excretion of albumin was determined on 24-h urine collection (AssayMax Rat, Albumin Elisa Kit, ERA2201-1; Assaypro, Euromedex Souffelweyersheim, France). Urine concentrations of sodium and potassium were measured by flame photometry, and plasma concentration of creatinine was estimated by colorimetric method (Jaffe method). Uric acid was measured (QuantiChrom Uric Acid Assay Kit; Gentaur, Brussels, Belgium) using plasma samples from fasting rats at the end of the studies.
Blood pressure and glucose metabolism In half of rats, blood pressure was measured at the end of experiments in conscious animals using the tail-cuff method (Narco Biosystems, Houston, TX). Rats were then fasted (5 h) for the insulin tolerance test. Glucose was measured in tail blood before and 15, 30, and 75 min after an injection of lispro insulin (0.6 U/kg intraperitoneal, Humalog; Lilly, Neuilly Sur Seine, France). Because of its marked fall, blood glucose monitoring was ended at 75 min, and glucose was given intraperitoneally for rapid recovery.
After 2 days, a catheter was inserted into the left carotid artery and left under the skin at the dorsum of the neck. After complete recovery from surgery, rats were fasted overnight, and the catheter was externalized, thus allowing direct measurements of arterial pressure and intraperitoneal glucose tolerance test in freely moving rats. A 40% glucose solution was injected (2 g per kg body weight, intraperitoneal) and blood samples were collected before and 15, 30, 60, and 90 min after glucose administration for plasma glucose and insulin concentration determination (ELISA kit; Millipore, Billerica, MA).
The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using the following equation: HOMA-IR ¼ (fasting blood glucose in mg/dlÂfasting plasma insulin in mU/ml)/2.430. 53 Renal function and morphology In half of rats, glomerular filtration rate was estimated by measuring the rate of clearance of inulin. Rats were anesthetized, and blood was sampled (200 ml) for measurement of serum concentration of creatinine. A 15% inulin solution was continuously infused (30 ml/ min) during three 30-min periods of urine collection. Plasma and urine concentration of inulin was measured using the anthronesulfuric acid technique at 620 nm (Sunrise; Tecan, Lyon, France).
The right kidney was removed, weighed, and prepared for transmission electron microscopy in the 'Centre de Ressources en Imagerie Cellulaire' (Montpellier, France) as previously described. 54 Five fields per glomerulus and two glomeruli per rat were analyzed for filtration barrier measures. The left kidney was perfusion-fixed with 10% buffered formalin and blocked in paraffin wax as previously described. 55 Glomerular and tubular size was evaluated in periodic acid-Schiff sections using the ImageJ software (National Institutes of Health image, Bethesda, MD). Tubular size, number of tubular epithelial cells/tubules, and tubular epithelial cell area were determined as described elsewhere. 22 The Bowman's space was calculated by subtracting the glomerular area from the glomerular tuft area. At least 100 glomeruli and 100 tubules were examined for each rat. Collagen volume fraction was determined by the area stained with Sirius red (0.1%) in a given field and expressed as a percentage of the total area within the field. In all, 10 to 15 fields were analyzed for glomerular, interstitial, and perivascular fibrosis determination.
Desmin staining was used as a marker of damaged podocytes. 56 Paraffin-embedded renal tissue was deparaffinized and blocked for endogenous peroxidases. Sections were incubated with the primary anti-desmin antibody (Dako, Trappes, France) diluted 1:300 at 4 1C overnight. Antibody distribution was visualized by a streptavidin-biotin complex assay and a DAB substrate kit (Dako). Sections incubated without primary antibody were used as negative control. Results were expressed in percentage of glomerular tuft.
Determination of cytokines and NADPH oxidase activity in the kidney For measurements of cytokines, a kidney sample was prepared as a 10% homogenate, centrifuged at 9000 g at 4 1C for 30 min, and the supernatant was harvested. TNF-a and IL-6 were measured using an ELISA kit (R&D Systems, Minneapolis, MN) in accordance with the manufacturer's instructions. The intraassay and interassay variability of the TNF-a assay was 2.5% and 10.0%, respectively. The intraassay and interassay variability of the IL-6 assay was 2.9% and 9.2%, respectively.
NADPH oxidase activity in the kidney homogenates was assessed with the lucigenin-derived chemiluminescence assay. 57 The reaction was started by the addition of NADPH (0.1 mmol/l) to a suspension (250 ml) containing the sample (50 ml), lucigenin (5 mmol/l), and assay phosphate buffer. Luminescence was measured every 30 s for 30 min (luminometer; Tecan). Activity of the enzyme was evaluated by the slope of O 2 1 À production, which represents the velocity of the activity and by the cumulative O 2 1 À production, expressed as relative light units per mg tissue.
Adipose tissue
Retroperitoneal and epidydimal adipose tissue was removed, weighed, and fixed in formalin. Adipocyte size was determined on sections stained with hematoxylin and eosin. Adipocyte area was measured in five different sections in each sample.
Macrophage infiltration ED1 staining was used as a marker of rat macrophages. ED1 immunostaining was performed in renal and adipose tissues as described above for desmin immunostaining (primary anti-ED1 antibody diluted 1:100; Dako).
Statistical analysis
Results were expressed as means ± s.e. and analyzed by one-factor analysis of variance. Differences between groups were assessed by Fisher's protected least significant difference test with a significance level set for Po0.05. Because of a skewed distribution, albuminuria was log-transformed before comparison between groups.
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